aimed to investigate whether deletion of various peptidoglycan hydrolase genes had any effect on competence development in B. subtilis.
The bacterial strains and plasmids used in this study are listed in Table 1 . The oligonucleotide primers are listed in Table 2 . Escherichia coli DH5a was used as a host for cloning purposes. To determine the transformation efficiency, various B. subtilis cells were first grown at 37∞C in the absence of any antibiotic as described by Contente and Dubnau (1979) for the preparation of competent cells. The period of starvation for competence development was usually 60 min unless otherwise specified. One milliliter of competent cells were then incubated at 37∞C with the shuttle plasmid pHY300PLK (final concentration: 3.7 ng ml -1 ) for 1 h, and were subjected to serial dilution and plating on Luria-Bertani (LB) agar plates (containing 10 g l -1 tryptone, 5 g l -1 yeast extract, 5 g l -1 NaCl, and 15 g l -1 agar) supplemented with or without tetracycline (10 mg ml -1 ). Transformation efficiency was expressed as the percentage of Tc r transformants of the total viable count. The results showed that deletion of the peptidoglycan hydrolase gene cwlO or lytE severely impaired plasmid DNA transformation efficiency (Table 3 ). In contrast, deletion of cwlS, lytC, lytD, or lytF had no apparent effect on competence development (Table 3) .
To perform complementation experiments, we constructed the pDL (Yuan and Wong, 1995) -based integrative plasmid pGS2749 (Table 1) , which carries an intact cwlO gene expressed from its native promoter (amplified by PCR with the primer pair B419 plus B420), and utilized the pDL-based integrative plasmid pENB14 (Tseng et al., 2011) , which carries an intact lytE gene expressed from its native promoter. These two plasmid constructs were then individually introduced into competent cells of Deletion of the cell wall peptidoglycan hydrolase gene cwlO or lytE severely impairs transformation efficiency in Bacillus subtilis (Received April 11, 2017; Accepted September 11, 2017 The Bacillus subtilis genome encodes more than 30 cell wall peptidoglycan (murein) hydrolases. Among the vegetatively expressed peptidoglycan hydrolase genes cwlO, cwlS, lytC, lytD, lytE, and lytF, only lytC is not monocistronically transcribed (Fukushima et al., 2006; Ishikawa et al., 1998; Lazarevic et al., 1992; Margot et al., 1994 Margot et al., , 1998 Margot et al., , 1999 Yamaguchi et al., 2004) . lytC is the last gene of the lytABC operon (Lazarevic et al., 1992) . The two major autolysins LytC and LytD are involved in cell wall turnover and cell separation (Blackman et al., 1998) . CwlS, LytE, and LytF can degrade peptidoglycan at the septum and play a role in cell separation (Fukushima et al., 2006; Ohnishi et al., 1999) . LytE can also degrade peptidoglycan at the lateral cell wall. CwlO and LytE have partially overlapping functions in sidewall degradation and elongation (Hashimoto et al., 2012) . Cells lacking both cwlO and lytE exhibit a synthetic lethal phenotype (Hashimoto et al., 2012) . It has been demonstrated that the membrane transporter FtsEX is required for the peptidoglycan hydrolase activity of CwlO (Meisner et al., 2013) .
When B. subtilis cells are in the state of competence, they can take up exogenous DNA from the surroundings for genetic transformation (Claverys et al., 2006; Kovacs et al., 2009 ). Competence of B. subtilis develops at the end of the exponential growth stage and only in certain media. In the natural world, DNA for uptake is available by natural death and lysis of other neighboring cells. In laboratory experiments, DNA is provided by exogenous addition. ComK, the master transcription factor for competence development, activates expression of many late competence genes and positively auto-regulates its own expression (Berka et al., 2002; Hamoen et al., 2002; Ogura et al., 2002; van Sinderen et al., 1995) . In this study, we 
the cwlO mutant or the lytE mutant by the method of Contente and Dubnau (1979) for integration at the amyE locus. Given that the cwlO mutant was severely deficient in transformation, a large excessive amount of plasmid DNA was needed to obtain its transformants. Actually, all the plasmid DNA isolated from 10 ml of overnight culture was used to incubate with 1 ml of competent cells for 1 h prior to plating. Transformants were selected by growth on chloramphenicol (3 mg ml -1 )-containing LB agar plates. Correct integrants were screened by the method of O' Kane et al. (1986) . The results showed that ectopic complementation of the cwlO mutant or the lytE mutant with the corresponding gene restored competence ability (Table 3) . We also constructed the plasmid pGS2754 (Table 1), which carries a copy of the lytE gene containing an active-site mutation C247A (Rigden et al., 2003) and expressed from its native promoter. A two-step PCR method (Higuchi et al., 1988) that the lytE mutant complemented with the lytE gene containing an active-site mutation failed to restore the competence ability (Table 3 ), suggesting that the catalytic activity of LytE is required for transformation competence. The chromosomal DNA, instead of the plasmid DNA, was also utilized to examine the transformability of various B. subtilis strains. The chromosomal DNA was isolated from the B. subtilis clpC mutant strain BNM105 (Table 1) according to the method described previously (Pospiech and Neumann, 1995) . One ml of competent cells were incubated for 1 h with the chromosomal DNA (final concentration: 0.35 ng ml -1 ) prior to serial dilution and plating. The results showed that the chromosomal DNA transformation efficiency was also severely impaired in the cwlO or lytE mutant (Table 4 ). Complementation experiments confirm the importance of CwlO and LytE in chromosomal DNA transformation (Table 4 ). We also tested the effects of distinct periods of starvation on the chromosomal DNA transformation efficiency. The results showed that the transformation efficiency of the cwlO or lytE mutant was still severely impaired after 45 or 75 min of starvation when compared with that of the wild-type strain (Table 5) .
To determine whether the influences of CwlO and LytE on competence development might be mediated through ComK, we constructed the pDG1661 (Guérout-Fleury et al., 1996)-derived integrative plasmid pGS2796 (Table 1) , which carries a transcriptional fusion of the regulatory region of comK (amplified by PCR with the primer pair A886 plus A887) with lacZ. This plasmid was introduced into various B. subtilis strains and integrated at the amyE locus. Cells were first grown as described by Contente and Dubnau (1979) for the preparation of competent cells, and were allowed to grow for an additional 1 h to mimic the procedure for chromosomal or plasmid DNA transformation. Activity of the b-galactosidase LacZ was measured as described previously (Miller, 1972) . The results showed that deletion of cwlO or lytE led to a downregulation of comK expression, whereas deletion of lytC or lytD did not affect comK expression ( Fig. 1A) .
We next tested whether isopropyl b-D-1thiogalactopyranoside (IPTG)-induced comK expression in the cwlO or lytE mutant could recover the chromosomal DNA transformation efficiency. To construct a plasmid for expressing comK from the IPTG-inducible expression vector pGS1051 (Lin et al., 2012) , a DNA fragment carrying the comK gene was amplified by PCR using the primer pair B556 plus B569. After digestion with KpnI and HindIII, the DNA fragment was ligated into pGS1051 to generate plasmid pGS2807. This shuttle plasmid was then introduced into strains BM2684 and BM2685 to generate strains BM2743 and BM2744 (Table 1) , respectively. The results showed that IPTG-induced ComK caused a slight upregulation of comK-lacZ expression both in the wildtype strain and in the cwlO mutant ( Fig. 1B) , suggesting that the IPTG-induced ComK is functional. Nevertheless, IPTG-induced ComK could not restore the level of comK-lacZ expression in the cwlO mutant to that in the wildtype strain (Fig. 1B) . IPTG-induced ComK also could not recover the chromosomal DNA transformation efficiency of the cwlO or lytE mutant to that of the wild-type strain The comK-lacZ fusion (pGS2796) was integrated at the amyE locus of the wild-type B. subtilis (BM2684), the cwlO mutant (BM2685), the lytE mutant (BM2686), the lytC mutant (BM2733), the lytD mutant (BM2734), or the ftsX mutant (BM2738). Cells were first grown at 37∞C in the absence of any antibiotic as described by Contente and Dubnau (1979) for competence development, and then continued to grow for 1 h before harvesting for LacZ activity assays. (B) Effects of IPTG-induced expression of comK in plasmid pGS2807 on the expression of the comK-lacZ fusion in the wild-type strain or the cwlO mutant. Cells were first grown in the presence of kanamycin (5 mg ml -1 ) as described above for competence development. IPTG (final concentration: 1 mM) was added, or not added, at the beginning of the 60-min starvation period. Cells then continued to grow for another 1 h before harvesting for LacZ activity assays. BM2743, the wild-type strain; BM2744, the cwlO mutant. (C) Effects of IPTG-induced expression of comK in plasmid pGS2807 on chromosomal DNA transformability of various B. subtilis strains. Cells were first grown in the presence of kanamycin (5 mg ml -1 ) as described above. IPTG (final concentration: 1 mM) was added to each culture at the beginning of the 60-min starvation period. After incubation with the chromosomal DNA (final concentration: 0.35 ng ml -1 ) of BNM105 for another 1 h, cells were subjected to serial dilution and plating. Transformation frequencies were calculated as Tc r colonies divided by viable count. BM2747, the comK-expressing plasmid pGS2807 in the wild-type strain; BM2749, in the cwlO mutant; BM2751, in the lytE mutant. BM2748, the shuttle vector pGS1051 in the wildtype strain; BM2750, in the cwlO mutant; BM2752, in the lytE mutant. Each value shown is the mean ± SD of three independent experiments. (Fig. 1C) . Taken together, these results imply that other factor(s) which could be affected by CwlO or LytE might also possibly be important for transformation. Given that the transporter FtsEX is required for the peptidoglycan hydrolase activity of CwlO (Meisner et al., 2013) and ftsX is the downstream gene of the bicistronic operon ftsEX, we attempted to investigate whether deletion of ftsX might also affect transformation efficiency and comK expression. The results showed that deletion of ftsX severely impaired both chromosomal and plasmid DNA transformation efficiency (Tables 3 and 4) , and caused a downregulation of comK expression (Fig. 1A) . The transformation efficiency of the ftsX mutant was still severely impaired after 45 or 75 min of starvation (Table 5 ). These results further confirm the importance of CwlO in competence development.
In Streptococcus mutans, the essential two-component signal system WalRK (previously VicRK) positively influences competence development (Senadheera et al., 2005) . However, it remains unknown via which pathway(s) WalRK affects genetic competence. In B. subtilis, it is known that cwlO and lytE (but not cwlS, lytC, lytD, and lytF) are members of the WalR regulon (Bisicchia et al., 2010; Huang et al., 2013; Salzberg et al., 2013) . Based on the current finding that cwlO and lytE of B. subtilis are required for competence development, it is likely that the essential WalRK of B. subtilis may influence competence development via its control of cwlO and lytE. The mechanism for how CwlO and LytE may affect comK expression, or other factor(s), remains unknown.
In conclusion, this study demonstrates that the cell wall peptidoglycan hydrolases CwlO and LytE are required for competence development in B. subtilis. The data shown here also imply that other factor(s) which could be affected by CwlO or LytE might also possibly be important for transformation.
